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ABSTRACT 
Friction h c t o r  Data for Flat Plate Tests 
of Smooth And Honeycomb Surfaces. (May 1989) 
Tae Woong Ha, B.S., Han Ymg University in Korea 
Chair of Advisory Committee: Dr. Dara Childs 
Fkiction factors for honeycomb surfaces me measured with a flat plate tester. 
The flat plate test apparatus is described and a method is discussed for determining 
the friction factor experimentally. The fiiction factor model ia developed for the flat 
plate test based on the Fanno Line Flow. The comparisons of the friction factor are 
plotted for smooth surface and six-honeycomb surfaces with three-clearances, 6.9 
bar to 17.9 bar range of inlet pressure, and 5,000 to 100,000 range of the Reynolds 
number. The optimum geometries for the maximum fiiction factor are found as a 
function of cell width to cell depth and cell width to clearance ratios. 
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NOMENCLATURE 
A = Cross-sectional area (L ' )  
A, = Surface area (L2) 
b = Honeycomb cell width (L), illustrated in fig. 1 
d = Honeycomb cell depth (L), illustrated in fig. 1 
Dh = Hydraulic diameter (L) 
f = Fanning friction factor 
gc 
H 
= Acceleration of gravity ( L / t ' )  
= Minimum clearance of a test section (L), illustrated in fig. 3 
&I,, = Mach number 
m = Mass (M) 
m = Mass flow rate (M/t) 
P = Static pressure (F/L2) 
Pt 
Po 
R = Gas constant 
T = Fluid temperature (T) 
Tt 
To 
U = Fluid velocity in axial direction (L/ t )  
W 
= Stagnation pressure at the entrance of a test section (F/L2) 
= Static pressure at the exit of a test section (F/L2) 
= Stagnation temperature at the entrance of a test section (T) 
= Fluid temperature at the exit of a test section (T) 
= Width of a test section (L), illustrated in fig. 3 
y = Ratio of specific heats for air 
p = Fluid viscosity ( F t / L 2 )  
J = Fluid density (h.I /L3)  
T, = Wall shear stress (F/L2) 
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CHAPTER I 
INTRODUCTION 
The accurate determination of the leakage and rotordynamic coefficients of a 
labyrinth seal requires that the surface friction factor of the rotor and stator material 
be known. Various kinds of intentionally roughened surfaces were tested by Childs 
and Kim(1985), Nelson(1984), and Childs and Kim(1986) and used in liquid and 
gas seal designs. 
In recent years, comparisons of smooth rotor annular seal test data for honey- 
comb, labyrinth, and smooth stators were presented by Childs et al.(1988), showing 
that the honeycomb seal had the best sealing(minimum leakage) performance and 
the best rotordynamic stability for prerotated fluid entering the seal. An example of 
damping improvement is provided by Childs and Moyer( 1985) on the HPOTP(High 
Pressure Oxygen Turbopump) of the SSME(Space Shuttle Main Engine) where a 
change of the turbine interstage seal from a stepped- labyrinth, tooth-on-rotor con- 
figuration to a smooth-rotor, honeycomb-stator configuration eliminated serious 
synchronous and subsynchronous vi bration problems. 
The honeycomb is a structure of rows of hexagonal cells. Since multiple small 
cells of honeycomb create a more diffcult flow path in seal assemblies thereby 
reducing leakage, it is used for seal-surface materials and also used for flow 
straighteners, radio frequency shielding, shock absorbers, and so forth. Figure 1 
shows the honeycomb cell pattern. 
Since Moody(1944) demonstrated that the friction factor for pipe flow is based 
on two dimensionless quantities, the relative roughness of the surface and the 
Journal model: ASME Journal of Bibology. 
b .= c- l l  wIdt1-1 
d = ce l l  d e p t h  
Figure 1. Honeycomb cell pattern. 
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Reynolds number, extensive literature for friction factors have been published. The 
effect of friction on the flow of compressible fluids in pipes of uniform cross-sectional 
area was investigated analytically by Grashof(1875) and Zeuner( 1900)’ who arrived 
at a relationship between velocity and fi-iction factor for perfect gases. Stodola( 1927) 
showed that the curves of Fanno permit a general graphical treatment for any law 
of kiction. Fkossel( 1938) presented the first extensive measurements of friction 
factors for the flow of air through a smooth tube with velocities above and below 
the speed of sound. Keenan(1939) presented experimental data on commercial pipe 
for the flow of water and for the flow of steam at subsonic velocities. Stocker, 
Cox, and Holle(1977) provided leakage data for various honeycomb seals with a 
two-dimensional static seal test rig. To the author’s knowledge, for the friction 
factor of the honeycomb seals, Elrod(1988) has presented the only prior test data 
with a smooth rotor and honeycomb stators, which is given in part in his paper. 
The experimental data for honeycomb seals presented by both Stocker, Cox, and 
Holle, and Elrod are taken from only one honeycomb surface, and it is difficult to 
separate the friction factor for the honeycomb surface &om their experimental data. 
Therefore, more improved data for honeycomb surfaces are needed. 
The purpose of this report is to present the air flow friction factor data for 
honeycomb surfaces (i.e., 1.57 mm, 0.79 mm and 0.51 mm in cell width, 3.81 ~~ll l l  
and 2.29 mm in cell depth) with a flat plate tester. The flat plate tester is designed 
to measure pressure drops, flowrate, and temperature for the flow passing through 
two honeycomb surfaces which have the same surface roughnesses. The friction 
factor data to be presented are given as a function of the Reynolds number, covr 
the range 5,000 to 100,000. The flow is subsonic. Reynolds number is defined by 
P(2H) & =  
P 
4 
where p is the density of air, p is the viscosity of air, and H is the minimum 
clearance of a test section. The test is conducted with 5 inlet pressures of 
6.9bar, 9.7bar, 12.4bar, 15.2bar, and 17.9bar, respectively and 3 clearances between 
honeycombs which are 0.25mm, 0.38mm and 0.51mm. These clearance values are 
representative of actual seals used in the turbomachinary. The following questions 
wil l  be answered: 
1) 
2) 
3) 
4) 
5 )  
Does the dfect of the fiction factor depend on iniet preseure? 
Does the effect of the friction factor depend on Reynolds number? 
Does the dfect of the fiction factor depend on honeycomb cell width? 
Does the effect of the friction factor depend on honeycomb cell depth? 
Does the effect of the friction factor depend on clearance bctween honeycomb 
sf: %IS? 
In chapter II, the test apparatus, Flat-Plate-Tester, designed to meet the above 
requirements, is described and chapter III explains the procedure of a test. Chapter 
IV shows the fiiction factor model for a one dimensional, steady, adiabatic flow of 
a perfect gas through a constant area duct. Experimental dsta in chapter V and 
appendix A, B, and C are presented which depend on inlet pressure, Reynolds 
number, honeycomb cell width and depth, and clearance between honeycomb 
. 
surfaces. 
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CHAPTER I1 
TEST APPARATUS 
The flat plate test system is designed to measure flowrate, temperature and 
pressure gradient through the flat plate test specimen under the various test 
parameters. Figure 2 shows the schematic ftiction factor measurement system. 
20.7 bar air 1.3cm Flow meter 
,i-+a+l;t-, 7.6cm pipe 4 
Pressure control vatve I 
Flat-plate tester 
(insulated) 
I Ill i 
Pressure Data storage device 
Transducer (H-P 981 6 Computer) - (H-P 69408 
Multiprogrammer) 
k 2 . 5 c t - n  gate valve 
Flow discharges to atmosphere 
L 
Figure 2. Friction factor measurement system schematic. 
~~ ~- 
6 
The flat plate tester consists of a test block, a spacer, and a honeycomb test 
specimen, as shown in figure 3, and designed to permit the installation of various 
honeycomb test specimens. To prevent side leakage, a 3 mm diameter O-ring is 
positioned along the spacers. A 1.3 cm wide by 15.2 cm long precision stainless 
steel shim stock is used for the spacer. 
\ Honeycomb test specimen 
Test block 
L 
t 
O-Ring 
Spacer (H) 
Figure 3. Flat plate tester assembly. 
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The honeycomb test specimen of figure 4 is made by attaching a honeycomb 
plate, made of Hastelloy "x", a Kentucky Metals Inc. product, to a precision- 
ground stock base plate with a 0.24 mm thickness structual adhesive film. The 
orignal design of the honeycomb test specimen wa.a 6.4 cm wide by 15.2 cm long, 
but this resulted in too low Reynolds number range. Therefore, the length of the 
honeycomb test specimen was shortened to 7.6 cm to get a high enough Reynolds 
number range. 
Honeycomb E % f U  
plate 
Base plate 
Air flow 
4 
Figure 4. Honeycomb test specimen. 
Cell depth 7 .99mm 
T 6.4cm 
1 
Air at 20.7 bar whose dewpoint is approximately -40°C is supplied through a 
7.6 cm diameter steel pipe for this system from the compressor. Figure 5 shows the 
air flow path detail. 
A 
7.6 cm FLANGE 
TESTER 
I 5 4  mml 
SECTION A - A 
Figure 5. Air flow path detail. 
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The pressure control valve is positioned upstream of the test section to control 
inlet pressure, and a 2.5 cm gate valve is also equiped downstream to control back 
pressure. The flowrate through the test section is measured by a 1.3 cm turbine flow 
meter, located in the piping upstream of the test section. Resolution of the flow 
meter is 5X10-5 (m3 lmin). Pressure and temperature upstream and downstream 
of the flow meter are measured for mass flow rate determination. 
For measurement of the pressure gradient through the honeycomb test speci- 
men, as shown in figure 3, one side of a 7.6 cm long honeycomb test specimen has 
twelve 1.6 mm pressure taps, equally distributed, drilled along the length of the 
test specimen, flush with the surface of the base plate. These pressures, a3 well 
as all others, are measured with a 0 to 20.7 bar scanivalve differential-type pres- 
sure transducer through a 48 port, remotely-controlled, scanivalve model J scanner. 
Transducer resolution is 0.96 kpa. 
For measurement of the temperature upstream and downstream of the flow 
meter and the entrance and exit of the test section, a 1.59 mm diameter thermo- 
couple with an iron-constantan stainless steel 304 sheath, is used. Resolution of 
temperature measurement is 1°K. 
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CHAPTER I11 
TEST METHOD AND DATA ACQUISITION 
At the start of each day’s testing, pressure and flowmeter systems are C a l i -  
brated. The total system, &om transducer to computer, is calibrated for each of 
these variables. An air-operated dead-weight pressure tester is used for pressure 
system calibration, and flowmeter system calibration is achieved with an internal 
precision quartz dock which simulates a known flowrate. To check against possible 
leakage from the test section, a soap-and-water solution is applied at each connec- 
tion. The test block is insulated with “Styrofoam” to achieve adiabatic conditions. 
A typical test begins by setting the test menu of five inlet pressures and five 
Rcynolds numbers. The control valve upstream of the test section is used to give 
the desired inlet pressure. The acit(back) pressure is controlled to meet the desired 
Reynolds number requirement with a downstream gate valve. When steady flow 
condition is reached, readings are taken of all pressures, temperatures, and flowrate 
at definite intervals of time. Data acquisition is directed born a Hewlett-Packard 
9816(16-bit) computer with disk driver and 9.8 megabyte hard disk. The computer 
controls an HP 6940B multiprogrammer with a 12-bit A/D converter board which 
acquires test data iiom the instruments. 
For each test case (;.e., one particular honeycomb cell width and cell depth, 
clearance, inlet pressure and Reynolds number), the test is performed three times 
and test data is averaged to be recorded. This test sequence was followed for 
a smooth plate, and honeycomb test specimens with three cell widths, two cell 
depths, and 3 clearances. Table 1 shows the list of a smooth and honeycomb test 
specimens. 
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Table 1. List of a smooth and honeycomb test specimens 
~~ 
Test no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
Cell width 
moot h 
moot h 
mooth 
1.57 mm 
1.57 rnrn 
1.57 mm 
1.57 mm 
1.57 mm 
1.57 mm 
0.79 mm 
0.79 mm 
0.79 mm 
0.79 mm 
0.79 mm 
0.79 mm 
0.51 mm 
0.51 mm 
0.51 mm 
0.51 mm 
0.51 mm 
0.51 mm 
Cell depth 
- 
- 
- 
2.29 mm 
2.29 mm 
2.29 mm 
3.81 mm 
3.81 mm 
3.81 mm 
2.29 mm 
2.29 mm 
2.29 mm 
3.81 mm 
3.81 mm 
3.81 mm 
2.29 mm 
2.29 mm 
2.29 mm 
3.81 mm 
3.81 nun 
3.81 mm 
Clearance 
0.25 xmn 
0.38 mm 
0.51 mm 
0.25 mm 
0.38 mm 
0.51 mm 
0.25 mm 
0.38 mm 
0.51 mm 
0.25 mm 
0.38 mm 
0.51 mm 
0.25 mm 
0.38 mm 
0.51 mm 
0.25 mm 
0.38 mm 
0.51 mm 
0.25 mm 
0.38 mm 
0.51 mm 
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CHAPTER IV 
A FLAT PLATE FRICTION FACTOR MODEL 
FOR AIR CHANNEL FLOW 
The derivation of friction factor relation based on Fanno line flow and the Mach 
number definition is the purpose of this section. Based on this relationship, friction 
factors can be calculated from the flat plate test data. The required derivation is 
taken h m  John(1984) and follows. 
! 
P P+dP 
T PA i i (P+dP)A T+dT 
u - - b :  i’ u+du 
P 
m 
P+ dP 
m+dm 
Figure 6. Control volume for analysis of adiabatic, constant area flow. 
The test appazatus described in chapter II has been used to obtain pressure 
gradient and leakage data for smooth and honeycomb test specimens of table 1. 
As shown in figure 3, the flat plate tester makes a closed thin rectangular duct 
channel for air flow. The width to clearance ratio, W/H, is big enough to assume 
one dimensional flow. Air can be assumed a perfect gas, and flow is also assumed to 
be steady state and adiabatic. One dimensional, steady, adiabatic flow of a perfect 
gas with constant specific heats through a constant area duct with no external work 
13 
is called Fanno line flow. The friction factor model to be developed for the flat plate 
tester is based on the Fanno line flow and the Mach number definition. 
Figure 6 shows the control volume taken in the closed thin retangular duct 
channel. The momentum equation for a control volume of length dz is 
where A is the cross-sectional area of the duct, r, is the shear stress at the duct 
walls, and A, is the mrfackea Over whit h 7, acts. The hydraulic diameter is 
defined by 
4A 
PeTimet eT 
D h  = 
For the flat plate tester 
4WH 
D h = 2 ( W + H )  
(3) 
(4) 
where W is the width of the duct, and H is the depth of the duct. As H is very 
smd compared to W, Dh of the flat plate tester is 2H. 
Substituting the hydraulic diameter into equation (2) yields 
4A -AdP - T . ( d z ) -  = pAUdu 
D h  
t 5 )  
For adiabatic flow of a perfect gas, the relationship between stagnation temperature 
Tt and local temperature T is expressed by 
where Ma is the Mach number and 7 is the ratio of specific heats for air. The Mach 
number is defined by 
TT 
W Ma = - m (7) 
14 
I where R is a gas constant for air. Using equations ( 6 )  and (7), the perfect gas law 
and the conservation of m e ,  one can derive the equation for Mach number. 
where m is a rnasi flowrate through the seal and gc is the acceleration of gravity. 
The relationship between friction factor f and T. .  is expressed in equation (9) 
TW 
= 0.5pU2 (9) 
Using equations ( 5 )  and (9), the perfect gas law, the definition of Mach number, 
and the conservation of mass requirement, the friction factor, f, for the flat plate 
tester is : 
Since dl of the vsriables in the equation (8) are either known or measured, the 
Mach numbers along the axial location can be found. The Mach number gradient, 
d M a / d t ,  can be evaluated by using a numerical method from calculated Mach 
numbers. Using equation (lo), the friction factor dso can be evaluated from the 
Mach number and the Mach number gradient. The evaluation of the Mach number 
and the friction factor will be discussed in detail in chapter V. 
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CHAPTER V 
DATA REDUCTION AND RESULTS 
Tests are carried out with smooth and honeycomb test specimens as listed in 
table 1 of chapter III. To determine the friction factor, the stagnation temperature, 
z, the flow rate, and pressures at 12 points along the 7.6cm length seal are 
measured. 
Figure 7 illustrates the typical plot of the pressure distribution versus an axial 
length for five different Reynolds numbers. The Mach number data are evaluated 
using equation (8) at 6.lmm intervals along the specimen (;.e., at pressure tap 
locations), and figure 8 shows the Mach number distribution. As shown in figure 7 
and figure 8, pressure is linearly reduced, and results in low and linearly increasing 
Mach numbers through the test specimen for Reynolds number 13,000, 36,000, 
59,000 and 82,000. For Reynolds number 105,000, however, a big pressure drop 
occurs resulting in an abrupt Mach number increase to near 1.0 at the exit of the 
test section. This means the flow is choked. 
As shown in equation (IO), the friction factor is a function of Mach number and 
Mach number gradient along the axial location. Many posaible numerical methods 
can be applied to evaluate the Mach number gradient, dM, /dr .  Figure 9 illustrates 
the comparison of quadratic and cubic least squares curve fits and a local slope 
method for Mach number. A quadratic least squares curve fit results in some 
negative fiiction factors in the choked case, and a cubic least squares curve fit also 
results in a big friction factor change through the test specimen for the choked case. 
Therefore, a least-squares cubic curve fit is used for unchoked cases, and a local 
slope method, which directly takes the slope horn the experimental data, is used 
for the choked case. 
The comparison of the friction factor, evaluated by different curve fitting 
methods and the local slope method, is presented in figure 10. In unchoked flow 
condition (i.e., for Reynolds numbers 13,000, 36,000, 59,000 and 82,000), there is 
not much differance in the friction factor for different curve fit methods, but a big 
difference results for choked flow conditions (;.e., for Reynolds number 105,000). 
As shown in figure 10, the method of curve fit for Mach number distribution is M 
important parameter in friction factor evaluation, especially in the choked case. 
Equation (10) is used to evaluate the friction factor and the results illustrated 
in figure 11. For an unchoked flow condition, the friction factor is nearly uniform 
through the test specimen. For a choked flow condition, a big change of the friction 
factor occurs at the entrance and exit of the test section and also varies through the 
test specimen. Therefore, the shape of the friction factor distribution versus axial 
location depends strongly on the method of curve fit of Mach number distribution 
as mentioned above. 
F’riction factor results presented here are a Fanning friction factor defined in 
chapter IV and an averaged friction factor. To diminate possible entrance and exit 
head losses, six data points in the middle of the test specimen are taken to find 
the averaged friction factor. As mentioned in chapter I, inlet pressure, Reynolds 
number, honeycomb width, honeycomb depth, and clearance may affect the friction 
factor. Discussion and plots illustrating the dependence of the friction factor on 
these parameters follows. 
Effect of inlet Dressure 
Tests have been conducted with five inlet pressure conditions of 6.9 bar, 9.7 
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Figure 9. Comparison of Mach Number distribution with curve fitting method. 
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Figure 12. Effect of inlet pressure for smooth surface. 
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bar, 12.4 bar, 15.2 bar and 17.9 bar. For a smooth surface, figure 12 illustrates 
the trend that the friction factor decreases as the inlet pressure increases. For 
a typical honeycomb surface, the same trend holds as shown in Figure 13. For 
incompressible flow, the pressure gradient should affect the friction factor rather 
than local pressure, but in compressible flow, local pressure can affect the density 
of air to result in change of Mach number and Mach number gradient. As shown 
in equation (lo), friction factor is a function of Mach number and Mach number 
gradient. Increasing inlet pressure results in a decrease of both Mach number and 
Mach number gradient. However, the decrement of the Mach number gradient is 
much larger than that of the Mach number. Therefore, the friction factor is reduced 
as the inlet pressure increases. This can be considered one reason why inlet pressure 
affects the friction factor. 
Effect of cell width 
Three honeycomb cell widths of 1.57mm, 0.79mm and 0.51mm are evaluated for 
the friction factor comparison. Figure 14 illustrates the typical plot of the friction 
factor versus Reynolds number for three cell widths, and demonstrates that the 
iiiction factor is sensitive to changes in cell widths and is also closely related to cell 
depth and clearance. For 3.81m.m cell depth tests, an 0.79mm cell width honeycomb 
surface shows the biggest hiction factor, followed by 0.51m.m and 1.5Smm for all 
inlet pressures, Reynolds number ranges, and 0.25mm and 0.38mm clearance, as 
shown in figure 14 (more plots are demonstrated on figures 23 to 32 in appendix 
A). For 2.29mm cell depth tests, a different trend is illustrated, as shown in a typical 
plot of figure 15. The 0.79mm cell width honeycomb surface also has the highest 
friction factor, followed by 1.57mm and 0.51mm for all inlet pressures, clearances, 
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Figure 15. Comparison of friction factor with cell widths(2). 
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and Reynolds number ranges (more plots are demonstrated on figures 38 to 52 in 
appendix A). The friction factor for the honeycomb surface is much larger than 
that of smooth surface, as expected. However, the friction factor for 1.57mm cell 
width with 3.81mm cell depth and 0.25mm clearance is smaller than that of smooth 
surface, as shown in figure 14 (more plots are demonstrated on figures 23 to 27 in 
appendix A). The results of Stocker, Cox, and Holle(1977) support this result. Their 
results, which are taken from a four knife straight-through seal with a honeycomb 
land, provide that a honeycomb land can reduce leakage at 0.51 mm clearance, but 
at 0.31 mm clearance 1.57 mm and 3.41 mm cell width honeycomb lands leak almost 
twice as much as a smooth land. 
Effect of Remolds number 
It is well known that friction factor is a function of two dimensionless quantities, 
relative roughness and Reynolds number in turbulent flow conditions. In this report, 
the Sction factor is presented aa a function of the Reynolds number which is defined 
based on D = 2H and covers the range of 5,000 to 100,000. For a honeycomb surface, - 
general trends show the friction factor to be nearly constant but reduced slightly 
as the Reynolds number increases, as shown in a typical plots of figures 14 and 15. 
Effect of clearance 
Clearance effects on the friction factor are investigated by varying the thickness 
of the spacer. Three clearances, 0.25mm, 0.38mm, and 0.51mm are evaluated for 
three cell widths and two cell depths. The typical plot of figure 16 illustrates tha.t 
clearance is one of the important parameter of the friction factor. The trend is, 
however, not clear. As shown in figure 16, the friction factor increases as clearance 
increases for 1.57mm and 0.51mm cell width honeycomb tests with two cell depths. 
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For the 0.79m.m cell width honeycomb test with two cell depths, the fiiction factor 
decreases as clearance increases, as shown in a typical plot of figure 17. More plots 
are demonstrated on figures 53 to 58 in appendix B. 
Effect of cell dePth 
Two honeycomb depths, 2.29- and 3.81mm, are compared for three cell 
widths and three clearances. Figure 18 illustrates the typical plot of the friction 
factor versus Reynolds number for two cell depths. In all cell widths and clearances, 
2.29mm cell depth testa show bigger friction factors than 3.81mm cell depth. More 
plots are demonstrated on figures 59 to 67 in appendix C. 
Uncertaintv in Friction Factors 
Generally, uncertainties in results based on measurement can be determined 
using the method described by Holman(1978). The uncertainty WR in a result R 
which is a function of n primary measurements z1 to z, with uncertainties w1 to 
The primary measurement in the friction factor calculations are clearance, pressure, 
flow rate, and stagnation temperature. The uncertainties in these measurements are 
about 13 p m, 0.0096 bar, 5X10-' m3/min, and 0.6OK, respectively. As a result, 
the estimated uncertainty in Mach number and friction factor calculation are about 
0.1 percent and 0.09 percent, respectively. 
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CHAPTER VI 
CONCLUSION 
The flat plate tester has been used to determine the friction factor of honeycomb 
surfaces. Three honeycomb cell widths, two honeycomb cell depths, and three 
clearances were used. Five inlet pressures and a Reynolds number range of 5,000 
to 100,000 are also used for the test parameters. 
Although the measurements made here are not complete enough to describe 
all aspects of the friction factor for honeycomb surfaces, they do bring out some 
of the prominent features. The comparisons in the preceding chapters support the 
following conclusions: 
(a) Generally, honeycomb surfaces provide a much larger fiction factor than a 
smooth surface, almost seven times. 
(b) For 1.57 mm cell width with 3.81 n m  cell depth and the 0.25 mm clearance, 
the fiction factor is smaller than a smooth surface. A possible explanation is that 
flow may have more tendency to expand into the honeycomb cell and this action 
would have the effect of increasing the flow area. Therefore, while honeycomb 
surfaces generally reduce sed leakage, consideration must be given to the operating 
clearance and the honeycomb cell dimensions. 
(c) The change of inlet pressure affects the Mach number and Mach number 
gradient to result in a change of the friction factor. Unlike an incompressible 
pipe flow, the friction factor for this flow condition can not defined by only two 
dimensionless quantities, the Reynolds number and the relative roughness. 
(d) In general, the friction factor is reduced as the Reynolds number increases. 
Available data illustrate that the Reynolds number range covered by this report is 
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in the transition zone on the Moody chart. 
(e) The ratio of honeycomb cell width to honeycomb cell depth(b/d) is an 
important parameter for the friction factor. The friction factor versus b/d, as shown 
in figure 19, is very similar to the results of Schlichting(1979) who presented the 
resistance coefficient of circular cavities of mrying depth in a flat wall. Schlicting’s 
results are illustrated in figure 20. For the available data, an optimum ratio for the 
ftiction factor is 2.9 (;.e., 0.79mm cell width and 2.29mm cell depth) in a 0.25- 
clearance. 
(f) The ratio of honeycomb cell width to clearance(b/H) is also an important 
parameter. Figure 21 shows the fiiction factor versus b/H for two cell depths. For 
the available data, an optimum value results at the ratio of 3.1 (i.e., 0.79mm cell 
width and 0.25mm clearance) in 2.29mm cell depth. 
(g) The dfect of honeycomb material in reducing seal leakage appears to be 
a function of the cell width, ceU depth, and clearance. The data obtained ftom 
these tests indicate the maximum friction factor is about 0.073 when b/d is 2.9 and 
clearance is 0.25 mm. 
(h)The friction factor, generally, is a function of the relative roughness of the 
surface and the Rcynolde number. Relative roughness is defined by an absolute 
roughness to the diameter ratio. However, for honeycomb surfaces, the absolute 
roughness is an hole. Therefore, geometrical relative roughness does not have any 
meaning. The friction factor of honeycomb surfaces can be inserted to the Moody 
diagram, and an dfective relative roughness CM be estimated by this approach. As 
shown figure 22, the maximum dective relative roughness is extended to the order 
of about 0.4 for this tests. 
(i) Further experimental investigation with various b/d and b/H ratios would 
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help to find optimum ratios for the maximum surface hiction factors. 
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APPENDIX A 
FRICTION FACTOR VERSUS REYNOLDS NUMBER FOR A SMOOTH 
SURFACE AND HONEYCOMB SURFACES WITH THREE CELL WIDTHS 
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Rgure 23. Kction factor versus Reynolds number for tests 1,4,10 
and 16 of table 1 with inlet pressure 6.9 bar. 
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and 16 of table 1 with inlet pressure 9.7 bar. 
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Figure 25. Wction factor versus Reynolds number for teste 1,4,10 
and 16 of table 1 with inlet pressure 12.4 bar. 
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Figure 2'7. Ftiction factor vcrsua Reynolds number for tests 1,4,10 
and 16 of table 1 with inlet pressure 17.9 bar. 
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Figure 28. Kction factor veraus Reynolds number for tests 2,5,11 
and 17 of table 1 with inlet pressure 6.9 bar. 
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Figure 29. Kction factor versus Reynolds number for tests 2,5,11 
and 17 of table 1 with inlet pressure 9.7 bar. 
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Figure 30. Fkiction lactor versus Reynolds number for tests 2,5,11 
and 17 of table 1 with inlet pressure 12.4 bar. 
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Figure 31. fiction factor versua Reynolds number for testr 2,5,11 
and 17 of table 1 with inlet pressure 15.2 bar. 
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Figure 33. Riction factor versus Reynolds number for tests 3,6,12 
and 18 of table 1 with inlet pressure 6.9 bar. 
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Figure 34. Fkiction factor versus Reynolds number for tests 3,6,12 
and 18 of table 1 with inlet pressure 9.7 bar. 
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Figure 35. Kction factor veraua Reynolds number for tests 3,6,12 
and 18 of table 1 with inlet pressure 12.4 bar. 
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Figure 36. Fkiction fsctor vemua Reynolds number for tests 3,6,12 
and 18 of table 1 with inlet presmre 15.2 bar. 
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Figure 37. fiction factor versua Reynolds number for tests 3,6,12 
and 18 of table 1 with inlet pressure 17.9 bar. 
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F'igure 38. Wction bctor versus Reynolds number for tests 1,7,13 
and 19 of table 1 with inlet pressure 6.9 bar. 
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Figure 39. fliction factor V C ~ U E  Reynolds number for tests 1,7,13 
and 19 of table 1 with inlet pressure 9.7 bar. 
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Figure 40. fiction factor versus Reynolds number for tests 1,7,13 
and 19 of table 1 with inlet pressure 12.4 bar. 
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F ~ F  41. fiction factor versw Reynolds number for tests 1,7,13 
and 19 of table 1 with inlet pressure 15.2 bat. 
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Rgure 42. fiction factor venue Reynolds number for tests 1,7,13 
and 19 of table 1 with inlet pressure 17.9 bar. 
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Figure 43. Fkiction factor ver~ua Reynolds number for teats 2,8,14 
and 20 of table 1 with inlet pressure 6.9 bar. 
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Figure 44. Fkiction factor vcrsua Reynolds number for testa 2,8,14 
and 20 of table 1 with inlet pressure 9.7 bar. 
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ngrve 4. fiction factor versua Reynolds number for tests 2,8,14 
and 20 of table 1 with inlet pressure 12.4 bar. 
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FFgure 46. fiction factor fnrsub Fkynolds number for teats 2,8,14 
md 20 of table 1 with inlet pressure 15.2 bat. 
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Figure 47. mction factor versu~l Reynold8 number for teats 2,8,14 
and 20 of table 1 with inlet presaure 17.9 bar. 
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F i p e  48. Wction factor versus Rcynoids number for tests 3,9,15 
and 21 of table 1 with inlet pressure 6.9 bar. 
I 
P=9.7 BAR, CELL DEPTH=2.29mm, CLEARANCE=O.Sl mm 
f 
0.08 
I CELL WIDTH 
0.02 - 
0.01 - 
I 
I 
&--- 0 a----+--- +---- 
d b  
A - - - 
+ SMOOTH 
+- 1.57mm 
-+ 0.79mm 
-8- 0.51mm 
F’igure 49. Wction hctor vcraua Reynolds number for tat8 3,9,15 
and 21 of table 1 with inlet pressure 9.7 bar. 
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figure 50. Fkiction hctor versun Fkynolds number for tests 3,9,15 
and 21 of table 1 with inlet presiure 12.4 bar. 
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F'ignre 51. Wction factor versua Reynolds number for tests 3,9,15 
and 21 of table 1 with inlet pressure 15.2 bar. 
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Figure 52. Wction hctor versus Reynolds number for tests 3,9,15 
and 21 of table 1 with inlet pressure 17.9 bar. 
APPENDIX B 
FRICTION FACTOR VERSUS REYNOLDS NUMBER 
FOR HONEYCOMB SURFACES WITH THREE CLEARANCES 
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Figure 53. Fkiction hctor verstfd Reynolds number for tests 4,5 
and 6 of table 1 with inlet pressure 17.9 bar. 
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Figure 54. Fkiction hctor vemw Reynolds number for teats 7,8 
and 9 of table 1 with inlet pressure 17.9 bar. 
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F'igure 55. Kction &tor versus Fkynolds number for testa 10,ll 
and 12 of table 1 with inlet pressure 17.9 bar. 
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Figure 56. Fkiction h t o r  veraua Rcynolds number for testa 13,14 
and 15 of table 1 with inlet pressure 17.9 bar. 
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Figure 57. Kction factor vemua Reynold8 number for tests 16,17 
and 18 of table 1 with inlet pressure 17.9 bar. 
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Figure 58. fiction factor venw Reynolds number for tat8 19,20 
and 21 of table 1 with inlet pressure 17.9 bar. 
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APPENDIX C 
FRICTION FACTOR VERSUS REYNOLDS NUMBER 
FOR HONEYCOMB SURFACES WITH TWO CELL DEPTHS 
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Figure 59. Kction factor versus Reynolds number for tats 4 and 7 
of table 1 with inlet pressure 17.9 bar. I 
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$'igure 60. Fkiction tsctor Versus Reynolds number for tests 5 and 8 
of table 1 with inlet pressure 17.9 bar. 
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mgure 61. fiction factor versus Reynolds number for tests 6 and 9 
of table 1 with inlet pressure 17.9 bar. 
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F'igure 62. Fkiction factor versus Reynolds number for teats 10 and 13 
of table 1 with inlet pressure 17.9 bar. 
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~ g u r e - & .  Fkiction factor versus Reynolds number for tests 11 and 14 
of table 1 with inlet pressure 17.9 bar. 
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F'igure 64. fiction factor versua Reynolds number for tests 12 and 15 
of table 1 with inlet pressure 17.9 bar. 
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~ g u t t  6. fiction factor versus Reynolds number for tests 16 and 19 
of table 1 with inlet pressure 17.9 bar. 
Figure 66. Kction factor versua Reynolds number for tests 17 and 20 
of table 1 with inlet pressure 17.9 bar., 
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F’igure-67. Kction hctor vemm Reynolds number for tests 18 and 21 
of table 1 with inlet pressure 17.9 bat. 
